Introduction
Sol-gel technology has been widely investigated since 1970's as a new route to prepare glasses and ceramics. 1), 2) Recently, much interest has been focused on the prepara tion of materials for specific applications, such as drug deliv ery system, photonics, electronics and catalysis. 3)-6) In these preparation of various materials, understanding of ki netics of the solute transportation in liquid phase in wet and porous gels is strongly required to precisely control such properties as release rate of drug, concentration profiles in monolithic gel and distribution of metal particles in support ed metal catalysts. The transportation of solutes in a gel generally proceeds by diffusion and its kinetics can be predicted by knowing exact diffusion coefficient in the gel, Dp. Therefore, development of convenient method for the measurement of Dp as well as systematic measurement for various solutes in gels with various pore structures is im portant.
Various methods have been proposed for the measure ment of Dp. In many cases, Dp was measured for unsteady diffusion. Here, change in the concentration profiles in a gel with time was monitored, and the data were fitted with a so lution of Fick's diffusion equation in appropriate initial and boundary conditions to obtain Dp. In the measurement, vari ous apparatuses, such as NMR, 7) fluorescence8) and UV/ VIS absorption spectroscopies, 9)-11) and holographic interferometry, 12) were used. Radioactive tracer was also used in some cases. 13) However, original improvement in the apparatus is usually necessary for monitoring the con centration change as a function of the position in the gel. Therefore, it has been difficult to generalize the measure ment technique for various systems. In some studies, Dp is obtained by monitoring amounts of solute extracted from the gel to outer solvent stirred vigorously14), 15) and by ob serving the change in average concentration within the gel placed in a solvent. 16), 17) The former method requires the quantitative analysis of dilute solution, while the later uses only normal UV/VIS spectrometer. Then, the later method, called as a bath-immersion method in this work, would be the most convenience among them. In our previous paper, we have developed a flow-cell method to improve the bath -immersion method, where the diffusion coefficient is calcu data same as shown in Fig. 3 . A good linearity is recognized in this plot. The diffusion coefficients can be calculated from the slopes of the fitting lines by using Eq. (4). In Fig. 4 , theoretical lines are also drown. The theoretical line and the data measured by the flow-cell method well coincide each other. Namely, the boundary conditions used to derive the solution of the diffusion equation are approximately satisfied in the measurement at the late stage of diffusion. In con trast, deviation in the data point from the theoretical line is relatively large for the bath-immersion data. Because the data number is restricted in the bath immersion, the data er ror would be significant. In addition, the bath-immersion method has other disadvantages. Firstly, one has to handle a fragile wet gel in measurement of absorption spectra which would be a cause of the damage of the gel surface. Secondly, it is difficult to set the gel plate in the spectrometer as same as before. Slight differences in the angle of the gel plate against the incident beam and in the position at which the in cident beam is focused would be origins of the experimental error in the absorption data. Because of these disadvan tages, the dispersion of the data points in the bath-immer sion method would become larger than that in the flow-cell method. Dp values obtained by different methods for a wet gel with Si content of 3.50mmolcm-3 are summarized in Table 3 . Although the dispersion in the data points in each measure ment is larger in the bath immersion, the experimental error in the obtained values of Dp is comparable among the methods. The Dp values also coincide each other within the experimental error in spite of the deviation in the boundary conditions at the initial stage. Then, it would be said that the accuracy of the Dp values obtained by the flow-cell method is as high as those by the bath-immersion method, and the ex ponential function can be used in the data processing for the data obtained by the both methods. However, the use of the flow-cell method has large advantage because the automat ed procedure substantially decreases the difficulties in the systematic measurements. The use of the bath-immersion method and the data processing with parabolic plot at the in itial stage would be the most effective when the diffusion coefficient in the wet gel is substantially small, because long measurement time is required to obtain the data at the late stage for exponential fitting. Table 3 .
Diffusion Coefficients of Nickel Nitrate in the Wet Gel with Si Content of 3.50mmolcm-3 a Methods of measurement of A-t data and of data processing. FC, the flow cell method; BI, the bath immersion method. The numbers in the parentheses are the wavelength of the absorption bands.
In Table 3 , it was also found that the diffusion coefficient Figure 5 shows the dependence of tortuosity on Si content in the wet gels. The tortuosity clearly increases with in creasing Si content. Here, it should be noted that the tor tuosity in the wet gel is higher than that in the mesoporous gel (Table 2) . To clarify the origin of the result, 29Si MAS NMR spectra of the wet gel with different Si content were measured (Fig. 6) . In the spectra, the peaks at ca. -90 , -100 and -110ppm have been ascribed to Q2 , Q3 and Q4 silicons, respectively. 2) Here, Qn indicates a formula of Si (OSi) n (OR) 4-n where R is alkyl or hydrogen. The frac tions of Q4 in the samples with Si content of 3.60 and 5.25 mmolcm-3 are smaller than those in the other samples. As these samples were prepared with compositions at low H2O content, the H2O/Si-OR ratios are as small as 1 ( Table 1) . The small H2O content leads incomplete hydrolysis of Si-OR groups and less-developed Si-O-Si network. There fore, the Q4 proportion of these samples becomes smaller. However, no significant difference in Qn distribution is ob served for the gel prepared with different raw materials, TEOS and ES40, as long as the H2O/Si-OR ratio is com parable.
It has been known that a sol-gel-derived wet silica gel is composed of polymeric silica network with fractal nature rather than particle aggregates when the gel is prepared us ing acid as a catalyst for hydrolysis and condensation. 2) If the Si content in the gel increases with retaining Qn distribu tion, mesh size in the crosslinked polymeric network would decrease as illustrated in Fig. 7 . Kunetz and Hench have reported that the tortuosity in porous silica gels for the diffu sion of Cr3+ ion remarkably increases with the decrease in pore size. 17) One of the reason for the increase in the tor tuosity with the increase in Si content (Fig. 5) would be the decrease in mesh size of silica network in the wet gel. In ad dition, gels prepared at low H2O/Si-OR ratio show larger tortuosity ( Fig. 5 and Table 1 ). For example, the difference in tortuosity of the gels with Si content between 3.50 and 3.60mmolcm-3 is as high as 0.5. As observed by 29Si MAS NMR (Fig. 6) , Si-O-Si network is less developed in a gel prepared at low H2O/Si-OR ratio. Then, number of free sili ca side chain bonded to crosslinked network would increase (Fig. 7) . The side chains possibly act as obstacles for the diffusion in solvent phase. Thus, it is considered that tor tuosity in a wet gel varies depending on Si content in the gel as well as H2O/Si-OR ratio in the preparation. which would be an origin of the increase in the tor pared at low H2O/Si-OR ratio also showed high tortuosity probably because of the increase in free side chain in the crosslinked gel network.
